Ventricular geometry and fiber orientation may undergo global or local remodeling in cardiac disease. However, there are as yet no mathematical and computational methods for quantifying variation of geometry and fiber orientation or the nature of their remodeling in disease. Toward this goal, a landmark and image intensity-based large deformation diffeomorphic metric mapping (LDDMM) method to transform heart geometry into common coordinates for quantification of shape and form was developed. Two automated landmark placement methods for modeling tissue deformations expected in different cardiac pathologies are presented. The transformations, computed using the combined use of landmarks and image intensities, yields high-registration accuracy of heart anatomies even in the presence of significant variation of cardiac shape and form. Once heart anatomies have been registered Remodeling of both ventricular geometry and fiber organization is a prominent feature of several cardiac pathologies (1). Remodeling can occur locally or globally, depending on the pathologic process. As examples, volume overload resulting from aortic or mitral valve regurgitation can produce global myocardial hypertrophy. Global ventricular wall thickening may also be a consequence of hypertrophic cardiomyopathy, chronic hypertension, or aortic stenosis. Ischemia-induced heart disease is characterized by local scarring and hypertrophy, particularly in regions surrounding the infarct zone. Additionally, there may be significant local remodeling of tissue geometry such as wall thickness in response to asynchronous electrical activation of the ventricles (2-5). A detailed knowledge of ventricular geometry and fiber structure, its remodeling in cardiac pathology, and the effects of this remodeling on ventricular conduction and mechanical function are of fundamental importance to understanding cardiac electromechanics in both health and disease.
Remodeling of both ventricular geometry and fiber organization is a prominent feature of several cardiac pathologies (1) . Remodeling can occur locally or globally, depending on the pathologic process. As examples, volume overload resulting from aortic or mitral valve regurgitation can produce global myocardial hypertrophy. Global ventricular wall thickening may also be a consequence of hypertrophic cardiomyopathy, chronic hypertension, or aortic stenosis. Ischemia-induced heart disease is characterized by local scarring and hypertrophy, particularly in regions surrounding the infarct zone. Additionally, there may be significant local remodeling of tissue geometry such as wall thickness in response to asynchronous electrical activation of the ventricles (2) (3) (4) (5) . A detailed knowledge of ventricular geometry and fiber structure, its remodeling in cardiac pathology, and the effects of this remodeling on ventricular conduction and mechanical function are of fundamental importance to understanding cardiac electromechanics in both health and disease.
Research in the emerging field of computational anatomy (6) has focused on the development of mathematical and computational methods for the representation, comparison, and statistical inference regarding anatomic structures, particularly the brain, as assessed using a variety of imaging techniques (7) (8) (9) (10) (11) . In this work, an anatomy is a set of image features which may include landmarks, curves, surfaces, subvolumes, and tensors. A "template" image is selected from a database of imaged anatomic structures and reflects the typical anatomical structure of the class of anatomical objects of interest. Variations of shape and form compared to this template, as observed in the population (also referred to as "target" images) are represented by nonrigid, high-dimensional transformations that are needed to transform the template onto the target images. These transformations are constrained to be diffeomorphic-one-to-one (invertible) and smooth-withsmooth inverse so that every point in the template has a corresponding point in the target. Consequently, connected regions in the template remain connected in the target, surfaces are mapped as surfaces, and volumes are mapped as volumes, thereby maintaining the spatial relationships between different structures and within each structure. This approach transfers the problem of quantifying variation in shape and form to the mathematically tractable problem of the analysis of transformations computed for registration to a chosen common template. Similar methods have been used to identify deformations in the shape of the hippocampus that discriminate patients with schizophrenia from matched controls and to define hippocampal shape and volume abnormalities in patients with mild symptoms of Alzheimer's disease (12) .
We present here the application and specialization of our computational anatomy methods to the quantification of cardiac anatomy, where geometry is measured using MRI and fiber orientation is measured using diffusiontensor MRI (DT-MRI).
MATERIALS AND METHODS

Theory
The study of anatomical variability begins with the placement of imaged anatomic structures into standard coordinates. Toward this goal, a template anatomical image is chosen from the set of imaged anatomic structures. Through different transformations, remaining images (targets) are registered to this template.
In the small-deformation elasticity-based method (13, 14) , transformations are linearized about the template coordinates by computing them from a displacement vector field that is defined relative to the template anatomical image. The chosen template thus becomes the fixed origin in the space of anatomical images, since all displacement vector fields are defined relative to it. The transformations generated using this method, via displacement vector fields that are defined with respect to the coordinates of the chosen template, are only approximations to the family of generalized nonlinear transformations of the domain. These linearized transformations are not guaranteed to be one-to-one and, indeed, in some cases the transformations can be shown to "fold over," thereby destroying the neighborhood structure of anatomy (15) . In addition, the lack of invertibility in general makes the results biased to the choice of the particular template. Methods used to generate transformations for registration of cardiac images must guarantee that the computed mappings are invertible and smooth so that local neighborhood anatomic structure will be preserved, especially in the case of large deformations of the image data that are anticipated in the study of cardiac pathology.
In Grenander and Miller's deformable template model (6), given a template and a set of sufficiently smooth and invertible transformations, the transformed template obtained by applying these transformations traces out the entire ensemble of target anatomical imagery. The fact that transformations connecting the template image to the target images are constrained to be invertible in turn assures that any target image can be chosen as the template and that smooth and invertible transformation transforming this chosen template to all the other observed imagery exists.
The large deformation diffeomorphic metric mapping algorithm (LDDMM) we have developed and applied to cardiac mapping is based on Grenander's deformable template model (see Ref. 16 for details). Briefly, points in a template image, I 0, at time t ϭ 0 flow, carrying their image intensity labels as if they were particles of a fluid, to corresponding positions in the target image, I 1, at time t ϭ 1, thereby tracing a trajectory in space and time (Fig. 1) . In  Fig. 1a , the red arrows show the mapping of points in the template image I 0 at t ϭ 0 to points in the target image I 1 at t ϭ 1. Figure 1B shows how a typical path from a point x in the template to its corresponding point 1 (x) in the target is described by the mapping t (x) t ʦ [0,1]. The advantages of the LDDMM method over small-deformation mapping schemes (17, 18) are that: 1) the computed transformations are invertible, and therefore the choice of an anatomic template is arbitrary; and 2) unlike the Christensen et al. method (15) , it computes a geodesic, which is a shortest length path in the space of transformations matching the given imagery, thereby quantifying deformation via a scalar metric distance.
Diffusion-Tensor MRI
DT-MRI images of four adult male mongrel dogs used in previous studies were employed (19) . Studies were conducted in accordance with the guidelines of the Animal Care and Use Committee of the National Heart, Lung, and Blood Institute. Methods for isolation and fixation of these hearts have been previously reported (19) . Each excised heart was placed in an acrylic container filled with Fomblin, a perfluoropolyether (Ausimon, Thorofare, NJ), to increase contrast and eliminate unwanted susceptibility effects near boundaries of the heart. Images were acquired with a 3D fast spin echo diffusion tensor (3D FSE DT) sequence on a 1.5 T GE CV/I MRI Scanner (GE Medical Systems, Wausheka, WI) using an enhanced gradient system with 40 mT/m maximum gradient amplitude and a 150 T/m/s slew rate. Depending on heart size, the MR parameters were varied to minimize the number of slices acquired. Generally, the FOV was 9 cm with an image size of 256 ϫ 256 yielding an in-plane resolution of ϳ350 m. The volume was imaged with 130 -140 slices at ϳ800 m thickness. Diffusion gradients were applied in 16 noncollinear directions with a maximum b value of 900 s/mm 2 . With an echo train length of 2 and a TR of ϳ700 ms, the total scan time was ϳ64 hr.
Image Processing and Ventricular Modeling
The three principle eigenvalues and eigenvectors were computed in each voxel from the diffusion tensors (20, 21) . Voxels in the 3D DT-MRI images representing compact myocardium were identified using a semiautomated contouring method (22) . The ventricular geometry was modeled using 3D finite elements, as described by Nielson et al. (23) . The template heart was modeled with 12 circumferential elements and five axial elements. Diffusion eigenvectors originating from voxels within the finite element boundaries were used to study the fiber structure of the ventricles. These eigenvectors were transformed into the local geometric coordinates of the model as described by LeGrice et al. (24) and their inclination angles (the projected angle of the eigenvectors onto the plane defined by epicardial tangent vectors) were determined. Fiber angles for target hearts were computed using the same template mesh except that LDDMM-generated transformation was used to identify target voxels originating in the template finite element boundaries.
Image Registration
Images of cardiac geometry were first registered rigidly using four landmarks: the right ventriculo-septal junctions and the left ventricular axis, which are located on the plane midway between the base and the apex; while the fourth landmark is defined as the left ventricular apex.
Subsequently, the LDDMM algorithm (see Theory and Ref. 16 ) is used to compute a nonrigid transformation between the chosen template and the target images. In order to specify point correspondences for nonrigid transformation, additional landmarks are defined and used to generate an initial transformation that enforces this pointto-point correspondence. This initial landmark-based mapping is subsequently refined using image grayscale values to compute the transformation registering the entire anatomy. Quality of registration is measured by the ratio of overlapping image-intensity areas subsequent to transformation to that prior to transformation, mathematically written as ʈI 0 Њ 1.0 Ϫ I 1 ʈ 2 2 /ʈI 0 Ϫ I 1 ʈ 2 2 . Here, ʈ.ʈ 2 denotes the standard norm function for square-integrable functions. We term this error the registration error energy, as it indicates error associated with minimizing the energy function used in LDDMM. Alternatively, quality of registration can be assessed as the number of myocardial voxels in the target that after transformation do not match myocardial voxels in the template normalized by the total number of myocardial voxels. We term this error the counting error for mislabeled voxels. Two different automated methods for placing landmarks over the heart geometry are described and evaluated in the following section.
Landmark Selection for LDDMM
Additional landmarks are specified when using LDDMM to enforce more detailed geometrical correspondence in matching. However, unlike the brain, the heart contains few anatomical landmarks, having a low degree of spatial variability. The LV apex, valves, and RV insertions points have low spatial variability and are easy to locate, but it is difficult to find other reliable landmark positions and time-consuming to label them manually. Thus, two automated methods for landmark placement have been developed.
In the first landmark placement method, referred to as the arc-length method (Fig. 2) , the longitudinal extent of the RV is divided into seven equally spaced planes (yellow lines) with the most apical aspect of the semilunar valves defining the orientation of these planes (Fig. 2a) . Landmarks (green circles) are placed on these planes at the epicardial edge of the RV (Fig. 2b) . The first two landmarks are defined at the intersection of the epicardium and a radial line (blue) which extends from the LV center of mass through the RV insertion (yellow arrow). Landmark spacing is set to maintain a constant epicardial arc length (red line) between landmarks. Similarly, landmarks are placed on the epicardial surface of the left ventricle, spacing them so as to maintain a constant circumferential arc-length. The first landmark is defined at one of the RV insertion points as shown.
The second landmark placement method has been developed specifically to account for the radial deformations that may occur in cardiomyopathies. This method, termed the radial method (Fig. 2c) , defines landmarks on the same seven planes defined previously (Fig. 2a) so that the angle formed between any two adjacent landmarks and the midpoint between the two RV insertion points is constant. The intersection of the epicardial surface with two radial lines originating from the center of mass and passing through the two RV insertion points defines the initial two landmarks on each slice. Other landmarks are defined by bisecting the angles created by the initial landmarks. Figure 3 shows a template (normal) canine heart and three target canine hearts transformed to match the template using rigid transformations followed by LDDMM transformations. One target heart was normal and the remaining two were failing canine hearts in which heart failure was induced using the tachycardia pacing procedure (25) . The three different views of Fig. 3 show the matched geometry of the transformed target hearts, with the color overlay showing the magnitude of the displacement required at each point to map to the template. The registration error energy for matching the normal target to the template is 10.75%, and for matching the two failing target hearts to the template is 12.46% and 10.30%, respectively. The counting error for matching the normal target to the template is 7.13%, and for matching the two failing target hearts to the template it is 5.81% and 8.37%, respectively. These values are comparable to those reported in the literature for matching performed using brain imagery and demonstrates that our LDDMM method successfully overlays the geometry with high accuracy to a common coordinate system (26) .
RESULTS
Utility of the two different automated landmarking methods for recovering known local and global geometric deformations was also evaluated. The ability of these automated landmarking schemes to recover known local deformations (Fig. 4) was evaluated by applying a synthetic deformation to the left ventricle of the template heart (top left panel) to create a test target heart (top right panel). The displacement field (top middle panel) was Gaussian in shape and centered on the LV. Table 1 lists the final registration errors and misplaced voxel errors for each landmarking method as a function of the number of landmarks employed in computing this mapping, with the average registration and counting error being 16.08 Ϯ 1.17% and 3.98 Ϯ 0.04%, respectively. While each landmarking method yields similar registration error energy, the pattern of computed local tissue deformation varies with landmarking methods. Noticeable differences between the ideal deformation (top row, middle panel) and FIG. 3 . Three hearts (one normal, two failing) are registered to the (normal) template heart. Each row in this figure shows the geometry of each heart from a different perspective after the application of the computed LDDMM transformation. Each of the registered hearts is colored according to the magnitude of the local displacement necessary to transform the template heart to the target heart. Blue indicates zero displacement and red indicates the maximum displacement.
FIG. 4.
A template heart (top left) is deformed with a known local transformation (top middle) yielding a target heart (top right). This target heart is then registered back onto the template, using each of the landmark placement methods described in the text, to determine the degree to which the simulated local deformation may be recovered. Estimated displacement maps are shown as a function of the number of left ventricular landmarks (4, 8, 12) used for each method.
those computed using the arc-length method are visible, particularly as the number of LV landmarks is increased from 4 to 12 (see arrow). The radial method yields a much better match than the arc-length method, as the number of landmarks is increased from 4 to 12. There is no significant difference in computational time for either landmark method, even as the number of landmarks is increased.
To evaluate reconstruction of global deformations, a test target heart is generated from a template normal heart by applying a known, global displacement field. Both landmarking methods were attempted for this template-target combination to determine if the computed displacement agreed with the displacement applied to the template to create the target. Table 2 lists the final registration error and counting error for mislabeled voxels, with the average errors being 6.17 Ϯ 0.01% and 9.68 Ϯ 0.01%, respectively. Both methods showed accurate recovery of the original displacement field simulating a global deformation independent of the number of landmarks. Given this report's size limitations and the fact that the recovery was so similar, a figure was not warranted. In summary, these results show that the automated radial landmark-based mapping is superior in its ability to reconstruct simulated global as well as local deformations at high accuracy.
Placement of cardiac geometric images into coordinates of a template image allows analyses of geometry features of these regions, as shown in Figs. 5 and 6. Wall thickness comparison of geometrically corresponding points identified using the computed transformations between a normal and a failing target heart to a normal template is presented in Fig. 5 . A subset of corresponding epicardial points in the template and each target were selected and wall thickness at these points was defined as the length of the transmural line to the nearest endocardial point. Figure 5a shows a short axis image of the normal template heart. Image color represents wall thickness at epicardial points in the normal target heart minus that for corresponding epicardial points in the template heart. Color coding is uniform for voxels on each transmural line. Blue indicates regions in which wall thickness in the target is less than that in the template by a maximum value. Red indicates regions in which wall thickness in the target is greater than that in the template by a maximum value. Figure 5b shows a change in wall thickness when comparing the normal template to the diseased target heart. The failing heart shows a greater septal wall thickness than the normal template heart, a result which is similar to previous reports of septal wall thickening (27) .
Fiber orientation within corresponding regions of template and target hearts may also be evaluated, as shown in Fig. 6 . Transmural regions in the LV free wall, septum, and RV free wall of the normal template heart were chosen and fiber angles within those regions were compared to those within corresponding regions of the normal target heart. The locations of these regions are indicated in black on the axial images of the template and target. The two normal hearts show similar transmural fiber orientation in the corresponding regions.
DISCUSSION AND CONCLUSIONS
This article presents mathematical and computational techniques for transforming cardiac ventricular anatomies to a common coordinate system so that quantitative analyses of geometry and fiber structure at corresponding locations may be performed. We demonstrate the application of our landmark and image-intensity-based LDDMM method for accurate cardiac anatomical registration. Our method of computing nonrigid transformations from the transport equations of fluid flows, using a smooth velocity vector field, ensures that the computed transformations are always diffeomorphic. This property guarantees that under the computed transformations, smooth ventricular surfaces remain smooth without self-intersections and the spatial inter-and intrarelationships of different anatomical regions of the heart are maintained. The key assumption in our method is that the images being matched are diffeomorphic, and hence the method may fail if two images being mapped are not diffeomorphic transformations of each other, i.e., they do not posses corresponding substructures. Also, LDDMM, a gradient descent algorithm, may fail if it is trapped in local minima due to symmetries present in the images. However, for cardiac mapping neither of these cases appears to be an issue and all mappings were found to be diffeomorphic. Statistical measures of variability in geometry and fiber structure at corresponding regions of the template and target hearts may then be computed. For example, the magnitude of displacement of each point from its corresponding point in the template may be determined. Such computational analysis may be a useful tool for detecting cardiac pathology by locating regions of high or unusual deformation.
Two schemes for the automated specification of landmarks to define point-to-point geometric correspondence for the LDDMM method were evaluated. Both landmark methods were able to recover simulated global tissue deformations, but were found to differ in the recovery of Arc length 6.15%/9.66% 6.16%/9.68% 6.18%/9.68% Radial 6.17%/9.67% 6.17%/9.68% 6.16%/9.69% simulated local deformations. As the number of LV landmarks was increased, the arc-length method recovered a transformation with small registration error. However, the computed pattern of tissue deformation was different when compared with the simulated deformation (see arrow in Fig. 4 ). In contrast, the radial landmark method was observed to provide the highest registration accuracy in recovering both local and global deformations, and thus was the preferred landmarking method. The quality of registration of the target hearts was visually assessed to be very close to the template in all our experiments. The heart geometry has a high surface-areato-volume ratio and, thus, partial volume effects related to image discretization contribute to the registration error energy. This is particularly noticeable on the surface voxels, even though the bulk of the heart geometry is perfectly registered. Further, image data in this study was edited to remove trabeculation using a semiautomated process requiring judgment of trabeculation depth and endocardial surface contour position. Automated methods need to be developed to improve and expedite the identification of compact endocardium.
The method proposed here has several important applications in the study of cardiac structure, shape, and FIG. 5. Short axis images of the template heart are shown. The colorscale encoding represents the wall thickness of a target heart minus the wall thickness of the template heart computed at corresponding epicardial locations. a: The difference in wall thickness when comparing a normal target heart to the normal template. b: The difference when comparing a diseased target heart to the normal template. The range in wall thickness varied between -7 and 7 mm. Noticeable differences, particularly in the septum, are evident in the failing heart. FIG. 6. Mean and standard deviation of fiber inclination angle (ordinate) as a function of transmural depth (abscissa) for corresponding regions in the LV free wall, septum, and RV free wall in two registered normal hearts The locations of these regions are indicated in black on the axial images of the template and target heart. Standard deviation of fiber orientation is evaluated with local regions near each transmural point.
form. First, DT-MRI is seeing increased use as a rapid (relative to the time required for histologic reconstruction), high-accuracy method for ex vivo measurement of cardiac geometry and fiber structure in both animal models of cardiovascular disease as well as explanted human tissue. Continual improvement of DT-MR imaging methods will enable the collection of datasets describing both geometry and fiber structure in large populations of normal and pathologic hearts. Application of the methods described herein to the registration and analysis of heart structure will therefore enable quantitative analysis of the nature of cardiac remodeling in different diseased states. Second, it is now possible to acquire patient specific data on cardiac geometry using MRI in the clinical setting. As one example, ventricular geometry may be assessed using fast imaging with steady precession (FISP), which yields high signal-tonoise ratio and excellent blood-myocardium contrast (28, 29) . Cardiac segmented imaging techniques effectively "freeze" the motion of the heart and provide acquisition of many cardiac phases, typically 20 -35. These images may be acquired during a breathhold in 1-10 heartbeats. Therefore, it is anticipated that registration could use, for example, images "frozen" at end diastole, thereby reducing registration error due to motion. In addition, recent results indicate that in vivo myocardial structure may also be acquired in humans using DT-MRI, as shown by Dou et al. (30, 31) . Patient images are at a lower resolution than those used in this study (typically 1.5 ϫ 1.5 ϫ 7 mm 2 ); however, variability is studied by analyzing changes in geometry at a common resolution. Thus, in principle a database of human heart imagery may be developed and the LD-DMM method used to investigate changes of cardiac anatomic structure in a wide range of cardiovascular disease states, as is currently being performed for human neuroanatomy (12) .
The semiautomated methods for anatomic reconstruction of ventricular geometry described previously (22) coupled with the method for heart registration described here will make it possible to measure and display geometric differences between a standard (normal) template heart with the ventricular geometry measured for a specific patient, for example, as a readily interpretable displacement color map. This could enable physicians to visualize and detect abnormalities of heart geometry more easily and quantitatively. Third, by statistical analysis of the mean and covariance of the properties of the computed transformations transforming a population of control and pathologic heart anatomies onto a template anatomy, it is possible to define formal procedures for testing the hypothesis that an imaged heart anatomy is a member of the class of control vs. pathologic hearts (see prior work in brain imaging, Ref. 12) . Such analyses are not described here since the number of hearts imaged and reconstructed to date remains small. Implementation of these formal hypothesis testing procedures will facilitate the discovery of characteristic features of cardiac anatomic remodeling that reliably distinguish normal from diseased hearts.
